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another system describes four (PD-L1 active TIL + , PD-L1 inactive TIL + , PD-L1 active TIL − and PD-L1 inactive TIL − ). 9 Prior evidence, mainly from melanomas, has suggested that inflamed tumours (PD-L1 active TIL + ) are the most responsive to immune checkpoint blockade. [8] [9] [10] Therapeutic antibodies that block the PD-1-PD-L1 pathway in inflamed tumours may induce durable responses in patients with various cancers; however, only a proportion of these patients see a response. Determining the mechanisms of resistance and response is key to improving outcomes and developing new therapeutic approaches. New immunotherapies are largely predicated on the anti-tumour effector functions of T cells. However, a large fraction of tumour types actively exclude T cells, and an even greater proportion of cancers have no T cells, when "T cell ignorant, cold, or T cell deserted" tumours are included. Therapeutically rectifying this represents one of the greatest challenges for T cell-based cancer immunotherapies today.
In the study by Tauriello et al, the authors analysed the relationship between gene alterations and the tumour microenvironment in colorectal cancer. 6 Microsatellite stable (MSS) colorectal carcinomas (CRCs) were previously hypothesised to be immunologically 'cold', and therefore unlikely to benefit from immunotherapies. 8 Lack of T-cell infiltration, low type 1 T-helper cell (T H 1) activity, reduced immune cytotoxicity and increased TGFβ levels in the tumour microenvironment (TME) have been associated with adverse outcomes in CRC patients. Furthermore, progression of CRC most often correlates with changes in four signalling pathways: WNT, EGFR, p53 and TGFβ. Therefore, the authors of this study generated mice lacking the following conditional alleles: Apc (abbreviated A, K, T and P, respectively) in intestinal stem cells using the Lgr5 eGFP-creERT2 driver (abbreviated L). Most LAKTP mice developed cancers, with more than half the tumours breaching all intestinal layers, spreading to the lung and liver and resembling the features of human CRCs, including low mutation burden, T-cell exclusion, and a stroma with high levels of TGFβ-activity. Interestingly, T-cells significantly infiltrated the stroma of adenomas and normal mucosa but were mostly excluded from neighbouring invasive cancers. These new mouse models of genetic alterations in CRC will prove useful in studying the tumour microenvironment.
The authors went on to collect samples from these mouse tumours or metastases to create a biobank of mouse tumour organoids (MTO). They utilised these organoids in vitro, and by intra-caecum inoculation in vivo, to show four effects: 1) in vitro MTOs (LAKTP) expanded independently of factors that activate TGFβ, WNT and EGF pathways; 2) MTOs engrafted in 30% of mice and progressed to fully invasive tumours, with 40% spreading to the liver; 3) triple-and quadruple-mutant MTOs recapitulated features of human MSS CRCs, for example, exhibiting similar mutational burden and predicted high-affinity MHC class I-binding neoantigens; 4) obvious T-cell exclusion and increased TGFβ activity was observed in the tumour microenvironment. These findings also suggested that stromal gene expression was able to identify molecular subtypes with poor prognosis. The authors observed an enhanced metastatic burden in immunedeficient (nu/nu) mice compared with immune-competent mice, indicating that the cancers were sensitive to T-cell-mediated immune control. Furthermore, the micrometastases were characterised by many T-cells amongst the tumour cells, which were progressively excluded over time. Unfortunately, Tauriello et al did not perform in-depth immunological analysis on the transgenic tumour-prone mice; the immune history of the developing malignancy would be important. However, the MTOs represent a useful resource.
Tauriello and colleagues have shown in their study that a TGFβ-activated TME excludes T lymphocytes from tumours and metastases, a finding associated with a poor outcome across several cancer types. 11, 12 They also corroborated their mouse data by analysing transcriptomic datasets of human MSS CRC samples (n = 981). Strikingly, the ratio of T H 1 to naive T cells was inversely correlated with the mean expression of TGFB genes or a gene signature specific to cancer-associated fibroblasts (CAF), and predicted disease relapse in MSS CRC patients. Profiling of cell populations in mouse or human CRC samples uncovered that CAFs were the major source of TGFβ. Therefore, inhibited T-cell In a complementary article, Mariathasan et al. examined the transcriptome of 298 metastatic urothelial cancer samples from patients treated with an anti-PD-L1 antibody (atezolizumab), to identify novel indicators of clinical outcome. 7 Metastatic urothelial cancer is characterised by a high somatic mutation rate, and tumour mutation burden is known to correlate with response to immunotherapy 13 .
Mariathasan et al. confirmed that clinical outcome was associated with a CD8
+ effector T-cell phenotype, tumour mutation burden, and neoantigen frequency. Furthermore, gene set enrichment analysis (GSEA) identified that TGFβ signalling in fibroblasts was associated with poor response. This observation was particularly relevant in patients that exhibited CD8 + T cell trapping in the fibroblast-and collagen-rich peritumoural stroma and exclusion from the tumour microenvironment; a common phenotype (47%) among metastatic urothelial cancer patients. Mariathasan et al. generated a pan-fibroblast TGFβ-response signature (F-TBRS) that was significantly associated with non-response, but only in T cell-excluded tumours. Taken together, these results suggested that metastatic urothelial cancer patient outcome of anti-PD-L1 therapy is dictated by three factors: pre-existing T-cell immunity, tumour mutation burden and TGFβ signalling in stromal cells.
The therapeutic opportunities from these two studies are obvious. The results build on previous studies that have led to the clinical development of agents such as M7824, a novel bifunctional anti-PD-L1/TGFβ-trap fusion protein (NCT02517398). Both studies, either using the MTO models or EMT6 mouse mammary carcinoma cells, demonstrated the benefit of co-targeting TGFβ and PD1-PD-L1 interactions. In the MTO CRC model, inhibition of the PD-1-PD-L1 immune checkpoint initiated a limited response, but inhibition of TGFβ (using Galunisertib) unleashed a potent anti-tumour response, even against the liver metastases. Using immunohistochemistry, it was shown that Galunisertib lowered the number of pSMAD3 + (TGFβ target) cells, and expression profiling illustrated reduced levels of TGFβ-response gene signatures in fibroblasts and T lymphocytes. In addition, Galunisertib treatment increased the recruitment, activation, proliferation and enhanced effector functions of cytotoxic T cells and T H 1 cells. T cells that infiltrated liver metastases showed increased PD-1 expression associated with PD-L1 + stromal cells, which were mostly tumour-associated macrophages. Galunisertib and anti-PD-L1 antibody combination treatments induced an enhanced immune response, including increased Th1 transcription factor (T-bet) and IFNγ levels in CD4
+ T H cells, and increased granzyme B production in cytotoxic T lymphocytes. This eliminated most metastases and prolonged the recurrence-free survival. Similar observations were made in the EMT6 mouse mammary carcinoma model, although antibody-mediated blockade of TGFβ alone had no effect. Mice treated with a combination of antibodies against PD-L1 and TGFβ exhibited reduced TGFβ-signalling in stromal cells, enabled T-cell penetration into the central core of tumours, strong anti-tumour immunity, and enhanced tumour regression (Fig. 1) .
It was also interesting that deletion of Tgfbr2 in endothelial cells, leucocytes and fibroblasts inhibited metastasis by CRC MTOs. The study by Mariathasan et al. attempted to use gene signatures to suggest that fibroblasts producing TGFβ were the major host cells contributing to T cell exclusion; however, comparative specific genetic deletion of Tgfbr2 in fibroblasts would be necessary to ignore the important contributions from myeloid cells, granulocytes, and T cells. A major unanswered question now focuses on the mechanism by which TGFβ signalling blocks T cell exclusion. Some of the other T cell exclusion mechanisms involving β-catenin, Axl, STAT3, PTEN or p53 may interfere with intratumour dendritic cell function; 14 however, it is not clear whether any commonality exists between TGFβ and these other players with respect to T cell exclusion from cancers.
These two papers illustrate the power of immunogenomics in combination with experimental mouse models and functional readouts. Closely linked pathways, and their relationships to one another, may in part explain why predicting outcomes from a single biomarker, such as PD-L1, is challenging. The observed multifactorial basis of immunotherapy response may be applied to different tumour types. Enabling T cell infiltration using TGFβ inhibitors may be enough to improve the success of PD-1-PD-L1 immune checkpoint-based therapies and may be a general approach for the treatment of cancers that grow in a TGFβ-rich environment.
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